The interest in accurate prediction of failure of sheet metals in the automotive industry has increased significantly over the last two decades. This paper aims to evaluate two failure prediction approaches implemented in the commercial Finite Element code AutoForm plus R7.04; (i) the standard Forming Limit Diagram (FLD), and (ii) the Non-linear Forming Limit Diagram. The evaluation will be testing the two approaches accuracy on predicting failure of both an AA6016 aluminium alloy and a CR440Y780T-DP dual-phase steel alloy specimen exposed to combined tension and bending. Based on the findings of this study, it is concluded that neither of the evaluated approaches is able to accurately predict failure in both cases presented.
Introduction
In the automotive industry today, a lot of effort is put into the failure prediction of sheet metal parts to ensure stamping process feasibility. Even though a large variety of failure prediction approaches have been proposed during the last decade, none of these have been able to replace the Forming Limit Diagram (FLD) as the industry standard within the sheet metal forming community.
At Volvo Cars Body Components, the focus on accurate failure prediction has increased over the years, and several experiments of AA6016 aluminium and CR440Y780T-DP dual-phase steel alloy specimens, exposed to combined tension and bending, have been performed. The research presented in this paper aims to evaluate two failure prediction methods implemented in the commercial Finite Element code AutoForm plus R7.04: For clarification, the term FLD is used as a description of the complete Forming Limit Diagram, containing both Forming Limit Curves (FLC) and strain fields.
The evaluation of said methods will be based on numerical models calibrated towards experiments recorded with Digital Image Correlation (DIC) to obtain the history of the forming operation. Experiments with punch radii of 3, 6, and 10 mm have been conducted in the setup presented in Figure 1 . In the setup, the punch is moved 6 mm to the right of the model in order to eliminate the stochastic fracture location, that otherwise would be with the punch located in the centre. All tests have been run to failure, and the applied DIC is used to go back in operation history to investigate the strain development. The focus of this paper will be on the setup with a punch radius of 6 mm.
The experiments are performed as single-action draw operations with a ram velocity of 25 mm/s.
Sheet Die
Punch Draw bead Draw bead Figure 1 . Cross-sectional view of the experimental setup geometry.
Experimental Repeatability
The repeatability of the AA6016 aluminium alloy is tested, to ensure the experimental data used is not an outlier. As presented in Figure 2 , the force-displacement curves of the repeated experiments align well on the force levels, but show a deviation between lowest and highest punch depth of approximately 2 mm at the point of fracture.
Neck Detection of Specimens
An undesirable phenomenon in the sheet metal forming process is failure caused by fracture. To detect if the fracture of the specimens is neck initiated, a test has been terminated approximately Figure 2 ). Figure 3 presents the result of this test, where a section has been examined and measured under a microscope. The outcome of the examination is that a neck in the specimen is present, why it can be concluded that the fracture is initiated by necking. Figure 3 . Cross section of an AA6016 specimen. The test has been terminated approximately 0.5 mm before fracture depth. The specimen clearly shows signs of necking.
Numerical Reproduction of Experiments
In order to evaluate the two failure criteria proposed, numerical reproductions of the experimental tests have been made in the commercial Finite Element code AutoForm plus R7.04. Models for both the AA6016 aluminium and CR440Y780T-DP dual-phase steel alloy have been created using the elasto-plastic shell element with 11 integration points through the thickness.
Material Models
The hardening curves of the material models have been created from a combination of tensile tests and bulge tests. The applied hardening curves can be found in Figures 4 and 5.
The anisotropic behaviour is modelled using the Banabic-Balan-Comsa (BBC) yield criterion for both materials. This is done as more than 10 years of experience at Volvo Cars proves this to perform well. The same experience does however show, that the standard values for the exponent M (M = 2 · k, 6 for BCC structure, and 8 for FCC structure [1] ) need to be calibrated. The calibration of the exponent is performed by inverse modelling of the Limiting Dome Height (LDH) test.
Strain Predictions
In order to be secure accurate numerical reproductions of the experiments, a comparison of simulated and experimental major strain values is performed. The comparison is carried out by applying the DIC software ARAMIS TM by GOM, where a stochastic pattern has been applied to the surface of the experimental specimens prior to testing. Hardening curve of the CR440Y780T-DP dual-phase steel alloy.
of the numerical models presented corresponds well with those of the experiments up until the last data extracted. This is believed to be due to the initialization of unstable necking, as the last data presented (red lines) are located less than 0.5 mm from fracture. The underprediction of the simulated major strain in the last stages could result in numerical models that do not indicate failure.
Failure Prediction
Having obtained numerical models with acceptable accuracy, the two specified failure prediction approaches can now be evaluated. Major strain prediction of the CR440Y780T-DP dual-phase steel alloy numerical model. The distances presented in the legend cover both the experimental and numerical results.
Standard Forming Limit Diagram (FLD)
The Forming Limit Diagram (FLD) initially proposed by [2] , has for the past many years been the industry standard within the automotive industry for predicting failure in sheet metal parts. The FLD does however require proportional loading to be applicable [3] [4] . From a theoretical point of view, this would instantly reject the FLD as a suitable approach for failure prediction in specimens exposed to combined tension and bending. However, from an engineering point of view, the FLD approach is tested to investigate if the bending-under-tension load situation in the specimens could be evaluated accurately with the FLD option implemented in AutoForm plus R7.04. Figures 8 and 9 present the strain paths of the two alloys in the element with the highest major strain value at the end of the simulation. Strain paths in the bottom (blue), membrane (green), and top (black) layer are presented. As seen, the strain path in both models is far from linear in all layers included. Furthermore, indications of fracture in the top layer of both models is present, despite the numerical model underpredicting the major strain of a point in time where the specimen has not yet fractured. This leads to the conclusion that the standard FLD can not be applied to specimens exposed to combined tension and bending.
Non-linear Forming Limit Diagram
The evaluation of non-linear strain paths for failure prediction in metal sheets, is a topic that has been discussed for many years. The approach investigated in this paper, is the Non-linear Forming Limit Diagram implemented in AutoForm plus R7.04 based on [5] and [6] . In short, the approach is expressed by a metamodel of a the total strain path length ratio λ, as presented in Equation 1 .
The Non-linear Forming Limit Diagram is used to predict the onset of necking in sheets. To determine the point where an instability is introduced in the experiments, the approach proposed Turning to the Non-linear Forming Limit Diagram (Figure 11 ), the model implemented in AutoForm plus R7.04 yields a result that is acceptable, where indication of being on the border of instability is presented. This means that the Non-linear Forming Limit Diagram is an applicable approach in the case of the AA6016 aluminium alloy, but in order to accept it as a general The standard Forming Limit Diagram (Figure 12 ) yields that the point of instability is passed. What is interesting is that the Non-linear Forming Limit Diagram (Figure 13 ) also indicates that the point of instability has been passed. Furthermore, the magnitude of the strain level above the instability limit is significant and is believed not to be due to experimental uncertainties.
As the approach has not been able to predict the point of instability in both cases (both the AA6016 aluminium and CR440Y780T-DP dual-phase steel alloy), the authors of this paper can not accept the Non-linear Forming Limit Diagram as a general approach in its current implementation.
Conclusion
The work presented in this paper aimed to evaluate the following two failure prediction approaches implemented in the commercial Finite Element code AutoForm plus R7.04 in regards to handle specimens exposed to combined tension and bending:
(i) The standard Forming Limit Diagram (FLD) (ii) The Non-linear Forming Limit Diagram Through comparison of experiments and numerical models, the industry standard Forming Limit Diagram proved to be not applicable due to its inability to handle the non-linear strain paths during the forming operation. The Non-linear Forming Limit Diagram yielded an accurate prediction of the AA6016 aluminium alloy, but performed poorly for the CR440Y780T-DP dualphase steel alloy. Due to the unstable performance of the approach, the Non-linear Forming Limit Diagram is, in this paper, not accepted as a general approach.
Based on the research presented in this paper, it can be concluded that none of the evaluated approaches can be accepted as general approaches to failure prediction of specimens exposed to combined tension and bending.
